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MILITARILY-SIGNIFICANT PROPERTIES OF ATMOSPHERIC WATER VAPOR
AND ITS ADSORBED SURFACE LAYERS

1. INTRODUCTION

During development of new military hardware, we often find that sensi-
tive devices which work well under controlled experimental conditions fail to
be type-classified because they do not work in the battlefield environment.
As devices become ever more sensitive, involving concepts like surface
chemistry and physics, and molecular engineering, they become more vulnera-
ble to unknown factors in the atmospheric environment. Atmospheric humid-
ity effects need to be understood to the extent that they do not cause our
hardware development programs to fail.

Water vapor and its atmospheric manifestations are so familiar to us
that we simply do not realize how complex this substance really is. It
dictates our weather through processes that still defy scientific
explanation. Humidity makes impermeable protective clothing uncomfortable;
it fouls and spoils our supplies; it affects static electricity, and thus
filtration and other processes; it exhibits complex behavior when adsorbed
on surfaces; it interacts with chemicals and chemical agents; it affects
infrared remote detection, and aerosol nucleation and obscuration; water
ions "dance" in the vapor sampled by ionization detectors like CAM, greatly
complicating C-agent detection. Its effects in tropical climates are espe-
cially severe. Yet most of us continue to regard water vapor as a simple
gas of H20 molecules.

*: The author became interested 4n the structure of atmospheric water
vapor nearly 30 years ago, while developing infrared (IR) remote sensors
that were the forerunners of our XM21 and LIDAR detectors. Humidity alters
atmospheric IR propagation very unpredictably, and often very
significantly, due to absorption that is unrelated to optical scattering
by conventional aerosols such as hazes, smokes and fogs.

Its absorption of IR is not simply determined by water vapor partial
pressure, but arises from aggregates of water molecules (called "water
clusters") that are held together by intermolecular hydrogen bonds and are
formed either by the clustering of single water molecules ("monomers")
about atmospheric ions, or by evaporation of water droplets to a size such
that they contain fewer than about 45 monomers. The mean cluster sizes in
the vapor are strongly dependent upon relative humidity, and to a lesser
extent upon terperature.

Much of the research which will be described here was supported by
U.S. Army Chemical Research, Development and Engineering Center In-House
Labor~tory Independent Research (CRDEC ILIR) funds. The work led to the
award of a U.S. Secretary of the Army Science and Engineering Fellowship,
which was performed at the University of Manchester in England during the
period from May, 1986 to May, 1987. Many new discoveries made during
the fellowship research remain to be exploited, pending availability of
new ILIR funds.
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2. THE NATURE OF WATER-SUBSTANCE

2.1 Liquid Water.

For many decades it has been known that liquid water is ,xtý-n!ively
structured due to hydrogen bonding. The bonds form molecular aggregates or
"clusters" which comprise the liquid. 1 Luck 2 has deduced that at 250C, for
example, 85% of liquid water is clustered at any instant of timc-. Water
exhibits a much smaller (10-6 to 10-5 times) rate .)f eaooration than would
be expected from kinetic theory; yet this theory works very well for
unassociated substances such as mercury. 3 The heat of vaporization and
surface tension of water are much larger than those of other substances.
All of this behavior is consistent with the extensive clustering due to
hydrogen bonding in the liquid, and thus it is generally explained on these
grounds.

2.2 Water Vapor.

Water vapor, on the other hand, has been almost universally assumed to
consist of an overwhelming majority of single molecules (monomers) and per-
haps traces of Boltzmann-distributed dimers, trimers, etc. Our present
view of homogeneous nucleation theory4 is based on this interpretation. Yet

* C.T.R. Wilson, in his classical cloud chamber studies 5 , 6 which were carried
out before hydrogen bonding was known to exist, could only wonder at the vast
numbers (greater than 108 per cc of vapor) of large uncharged clusters he
observed in his experiments which served as nuclei for the condensation of
his "cloud-like" water droplets. Since these clusters had radii three
times larger than the r--epted radius for the water monomer, and since mon-
omer collision and moir, tý. "sticking" was the only ulustering mechanism
that could be accomodai.ed by classical kinvetic theory, Wilson could only
suggest that perhaps the known molecular (monomer) radius was in error by a
"factor of three! He wrote 5 "...it is difficult to account for the immense
number of these nuclei, otherwise than on the view that they actually are
simply small aggregates of water molecules, such as may come into existence
momentarily through encounters of the molecules. On this view the dimen-
sions of the molecules cannot be small compared with 6 x 10-8 centim.

The radius of the water molecule is, of course, 2 x 10-8 cm.

In retrospect Wilson seems to have understood these phenomena better
than the cloud microphysicists who succeeded him and produced elaborate
theories to explain observed behavior in water vapor. 7  These theories
could be hypothesized but never proven, because the droplets grown large
enough for optical detection and studied in the cleanest vapor contained
'107 more monomers than the molecular aggregates or "water clusters" from
which they had nucleated. Seven orders of magnitude could scarcely be
accomodated without introducing serious questions in the interpretation of
experimental data, however carefully taken.

2.3 The Liquid Surface.

It is not surprising, therefore, that the physical interface between
liquid water and its vapor, through which pass the species that determine
fundamental physical properties of water such as satu'ation vapor pressure

121pyia¼aprpesr



and surface tension, also is poorly understood. DeBoer 3 has stated that if
this surface behavior was as expected from classical theory many lakes and
seas would evaporate in a few hours, and the oceans would be dry in a few
days. Croxton8 devotes a short chapter to the subject, after stating in a
prologue that any statistical mechanical theoretical treatment of the
water surface presents particularly formidable problems and, indeed, that
such a discussion of these interfacial properties might well be
"premature".

But through all of this no one has seriously proposed that water
vapor, particularly when saturated, might be extensively structured by pop-
ulations of liquid-like molecular water clusters having size distributions
corresponding to equilibria established for particular temperature and par-
tial pressure conditions. Theory, if unchallenged, eventually becomes
"accepted. And, once accepted, it becomes unchallengable. Perhaps that has
happened in our evolution of such theories stemming from C.T.R. Wilson's
original, brilliant experimental work.5, 6 While Wilson went on to further
accomplishments, the heirs to his discoveries were gradually leading us
further astray.

2.i Evidencv for Ciuster Activity in Water Vapor and aoist Air.

There is formidable evidence in the literature that cluster activity
exists in water vapor and moist air. In infrared water vapor absorption
measurements Bignell 9 extended the work of Varanasi, et al.1 0 , to show anom-
alous or excessive absorption which had a quadratic partial pressure anJ an
inverse temperature dependence and could be attriouted to molecular struc-
ture in the vapor.. Quite naturally, the water dimer was suggested as the
possible cause. This led to a long and continuing series of investigations
of this infrared "continuum absorption", which is observed in wavelength
intervals where the water monomer has little or no absorption. Gebbie 1 1

and his co-workers, who organized a concerted attack on this problem,
reported that anomalous absorption in the atmosphere at ambient tempera-
tures could not be attributed to equilibrium water dimers. It was proposed
in 1978 that the infrared water vapor continuum absorption could have a
"molecular interpretation" based on hydrogen bonding in the vapor. 1 2 but no
specific mechanisms were postulated. Completely unexpected behavior of
steam-generalked, cooling water fogs was reported 13 in ;g79 in infrared
radiometric spectral emission studies, which was explicable only on the
grounds that large clusters must exist in large numbers in warm water
vapor. It was also reported in 1979 that the observed temperature depend-
ency of the infrared continuum absorption could be, inexplicably, calcu-
lated almost precisely from the square root of the dissociative ion product
of liquid water, and that simple molecular oscillator models could be used
to calculate the infrared continuum absorption by assuming that distribu-

te tions of large water clusters could exist in the atmosphere. 14  It was the
4 ability to model the continuum absorption of the water vapor from the

dissociative ion product of liquid water that suggested many of the inves-
tigations that are described in this report.

13
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,illmeter-wave absorption by fogs shows interise activity by species
that are presently unknown. 15 Commenting on these observations and their
variability, Gebbie16 proposed a metastable cluster of about 50 monomers to
exolain tht. absorption and yet to conform to accepted kinetic and nuclea-
t4on theories. He did not, however, investigate the possible existence of
large, stable equilibrium populations of hydrogen-bonded clusters in the
"vapor which eLsily could have explained these data.

At what "size", or number of monomers comprising it, does a water
cluster in the vapor begin to exhibit the thermodynamic properties of liq-
uia water? Studies of water clusters using crossed-beam techniques 17 have
'%ho'hwn that Khen a cluster comprises about 6 or more monomers its near-
infrared absorption spectrum closely resembles that of liquid water.
Zastlaman dnd his co-workers, 18 in extensive measurements of entropy and
other thermodypemic properties of water ion clusters of the structure
H4(h20)n, have found that clusters of size n = 4 to 6 or more are,
thermodynamically, liquid water. Thus water clusters nearly ten times
smaller than the critical size needed for droplet nucleation already behave
like liquid water "droplets" in the vapor, and can impart to the vapor

* lituid-iika b,,ihavior including infrared and mm-wave spectral absorption,
and electrical properties described later in this report. It is also known

i@ that when liquid water and saturated moist air at atmospheric pressure,
however clean, exist together at temperatures above about 500C, water drop-
lets will begin to appear spontsneously in the vapor. 1 9 These droplets are
nur~lested in the absence f foreign nuclei in the vapor, and their numbers
steadily increase as the atmospheric boiling point is approached. This
means that eie) in the most careful measurement of such fundamental physi-
cal properties of water as its saturation vapor pressure at temperatures
above 500C. droplets 3nd evaporativw:ly-p-oduced clusters like (H20)n must

:.~. always be present, and that their F~pulations increase with increasing
temperature. Thus, the satc:rated vapor is to some extent clustered and
this clustering wi1l, according to kinetic theory, proportionately reduce
the measured equilibriu4 vapcr pressuri.

Some questioas of obvious interest incluae (1) to what extent cluster-
ing also occurs in the saturated vapor at temperatures below 500C in the
abs.ence of droplets large enough for c.-tical detection, and (2) how this
clustering can be described as a function of temoeriture and saturation
ratio (frnctional relative humidity) in water vapor; i.e., what fraction of
all monomers in the vapor is ihvolved in clusteri,,g at any instant of time?

3. V-ATER CLUaTMRe

3.1 ion (Ch•aged) w. Nisutrel (tiJicharWge) Cluctarm.

Although water clusters are three ordeis of ma-giitude smaller than the
wavelengths of visible light, a great deal is Known about them from direct
measurements that cont 4 rm theorot:cal constierations. Some examples of
water cluLter configurations are shown in Figure 1. Clusters can be ions,
typically carrying a singsL electronic charge, or they cdn be electrically
ti{eutral (uncharged), depending upon how they form. Possible configurati-ns
can include open chains or closed rings or "solids", the latter being

favored because they represent low-ener-gy configulrations for a yiven clus-

14



ter "size", i.e., the number of water molecules (monomers) that comprise
it. The cluster of size 20, whose faces form a pentagonal dodecahedron as
shown at the Lottom of Figure 1, is often observed experimentally as will
be shown later. Often, a single monomer is "caged" in the center of this
clathrate-like structure, indicating that this central monomer was origi-
nally an ion that attracted other monomers which swarmed about it. These
other monomers then became cross-linked by a network of hydrogen bonds, as
represented in Figure 1. The binding energy of a hydrogen bond is on the
order of 0.1 to 0.2 electronvolts (eV), while that of a single ionic charge
is on the order of 1.0 eV. Thus, even if an ion attracts other water mono-
mers to form a cluster and then loses its charge, the combined hydrogen
bond energy is sufficient to hold the cluster together for a significant
time if the cluster contains more than a few monomers. In this way, the
populations of neutral clusters in water vapor far exceed the populations
of water ion clusters at any instant of time, since the ion charge lifetimes
are on the order of a microsecond or less, 2 0 while neutral clusters can
survive for lifetimes ranging from milliseconds or longer for small clus-
ters to seconds or longer for larger clusters.

Clusters can form by ion clustering or by the evaporation of water
droplets. As Figure 2 shows, clustering of water monomers about
positively-charged ions is an orderly process, since the oxygen atom of
each monomer is oriented inwardly with the smaller hydrogen atoms oriented
toward the cluster surface where they can, in turn, bond with other oxygen
atoms in other monomers. Clustering about negative ions, by contrast, is
not so orderly. Hydrogen atoms are oriented inwardly, with other hydrogen
and oxygen atoms oriented outwardly where they can bond with each other or,
with some difficulty, with other monomers. Thus clusters formed about
positive ions tend to be larger, and more predictable, than those formed
about negative ions; as a consequence, positive water ions are usually
studied experimentally in preference to negative ones.

Visualization of water cluster ion formation is aided by molecular ball-an,
stick models wherein water monomers are represented oy spheres and hydrogen

i bonds are represernted by sticks. Some examples are shown in Figures 3 to
6. In Figure 3, the central ion is surrounded by closely-packed monomers,

- while in Figure 4 an open-chained cluster of size 13 is shown for compari-
son with one of the same size, but with closed rings, in Figure 5. Figure
6 shows a conceptualization of a larger clathrate-like cluster having water

* molkomers at the apexes of the geometric solid shown with it. As clusters
"become very large and approach the critical size for droplet nucleation (about

S,45 monomers), they assume near-spherical, lowest-energy configurationr
*, which, themselves, resemble tiny droplets. Liquid-phase properties, such
Sas surface tension, begin to be manifested by the hydrogen-bonded clusters.

The unusually high surface tension of liquid water itself is due to exten-
sive hydrogen bonding at its surface.

3.2 Cluster Equilibria in the Vapor.

M, iEquilibria between water ions, or other condensation nuclei, and water
droplets in the vapor are described by the Thomson/Kelvin equation7

(Figure 7). This equation does not account for hydrogen bonding, as occurs in

15



*; water clusters and droplets, since this phenomenon was unknown when the
equation was derived and later used by C.T.R. Wilson in his classical cloud
chamber investigations. 5 , 6 However, because hydrogen bonding increases the
surface tension (T, in Figure 7) of water, it is possible that some compen-
sation results due to its inclusion. The term f(H) in Figure 7 cannot
be evaluated. When the equation is plotted without f(H) the curves shown
in Figure 8 result. The domain of water ion clusters in the real atmos-
phere is shown by the near-vertical curve labeled "ION" for saturation
ratios of s = l.C or less (s = %RH/1O0, where RH is the relative humidity).
At larger radii are shown other types of atmospheric nuclei including
Aitken nuclei, and combustion (continental) and salt (maritime) nuclei.
While the latter are capable of growing into hazes or fogs by sorption of
water vapor at RHs below or slightly above 100%, the curves show that water
ion nuclei must attain "supersaturations" on the order of about s = 4.2 for
droplets to be nucleated. The dashed curve shows that uncharged clusters
are not supposed to exist in the real atmosphere since they require
supersaturations of about s = 7.4 or more to form and nucleate droplets.

When C.T.R. conducted his experiments, he gradually increased the
extent of super ,aturation in his cloud chamber in a series of steps in
which a piston was suddenly released to cause adiabatic expansion of the
water vapor sample in the chamber. Thus, the salt nuclei were first acti-
vated to form water droplets vhich precipitated intb a pool of water on the
floor of the chamber. The combustion and Aitken nuclei were similarly

M consumed at somewhat higher saturation ratios. Wilson, &t s = 4.2, then
reached the supersaturation where his "rain-like" condensation on ions
produced about 100 water droplets per cc. Continuing to still higher
supersaturations, Wilson encountered the "cloud-like" condensation which
completely baffled him, and which led him to theorize that the molecular
radius of the water molecule (monomer) must be three times larger than the
then-accepted (and correct) value. Wilson worked with experimental clouds
that were so beautifully controlled that he knew from their color tints6

almost precisely what their mean radii were. Thus he was able to calculate
almost exactly the starting mean radii of his neutral (uncharged) nuclei.
But because he knew nothing about hydrogen bonding, he had to conclude that
the enormous neutral (cluster) nuclei populations he observed (greater than
108 per cc, his limit of optical resolution with focused gaslight) were
simply aggregates of a few colliding monomers (see Figure 9).

The undefined term f(H) in the Thomson/Kelvin equation (Figure 7)
probably is the key to understanding what Wilson saw. This hydrogen bond-
ing term, whatever its form, must account for the presence of another curve
representing the real atmosphere to the left of the "ION" curve in Figure
8. This added curve, as is shown in Figure 10, must lie just above the ION
curve, but below the dashed theoretical uncharged monomer curve which does
not take into account hydrogen bonding. Thus the new curve represents
equilibria of neutral water clusters, produced on ions with subse-

*• quent loss of charge, or by droplet evaporation, or perhaps by still other
mechanisms. This curve gives a physical basis for the enormous populations
of water nuclei and droplets Wilson observed in his cloud chamber, which

I. he incorrectly attributed to momentary encounters of water molecules
(Figure 9). The mean sizes of the neutral ciusters he observed would have
been about 20 to 30.
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Thus their diameters or radii were about three times larger than those
of single water molecules. This led Wilson to propose that the water mole-
cules must themselves be larger than the accepted (and correct) value, by a
factor of three.

3.3 Cluster Formation in Watetr Vapor.

We can now consider specific formation mechanisms for water clusters,
and the dynamic equilibria that must exist between ion clusters and neutral
clusters in water vapor. While the neutral cluster populations have been
shown to be much larger than the water ion cluster populations, the two
species appear to exist in proportional numbers. Thus, as will be shown,
for given conditions the ratio of ion clusters, measured by vapor electri-
cal conductivity, to neutral clusters, measured by infrared absorption of
the vapor, will be reasonably constant. If, for example, neutral clusters
are produced by droplet evaporation, they will ionize to a small extent.
The ions thus produced will capture more monomers to produce larger clus-
ters which, when their charge is lost, will repeat the process. In cloud
or fog conditions, water droplets and clusters are present in large
numbers. There will be a continuing interchange between droplets
evaporating, on the one hand, and droplets nucleating and growing, on the

0@ other hand.

Consider first the hypothesis that neutral water clusters are produced by
evaporation of water droplets, or even by the simple evaporation of water
from its liquid surface (since the nature of water surface evaporation is
completely unknown). 3 ,8 The basic premises are then those shown in Figure
11. Here, water ions are produced constantly by the slight dissociation of
neutral clusters, which is enhanced by natural radiation, or by radiation
sources deliberately introduced into the system.

Alternatively, neutral clusters can be formed from ions as shown in
Figures 12 and 13. These are sometimes referred to as "ion-induced" neu-
tral water clusters. It is even possible, as shown in Figure 14, that neu-
tral clusters might be formed from monomers which ionize slightly and

¶ .attract other monomers to their extremities. Figure 15 indicates that
water cluster equilibria can be far more complex than would be indicated by
considering w*ater vapor as a simple gas of single molecules. Some of the
mechanisms shown in this figure will be considered in more detail in the
remaining sections of this report.

L 4. VAPOR MEASUREMENTS

~- - ~.'4.1 Kass Spectral Data.
Carlon and Harden 21 presented mass spectra of water ion clusters

H*(H20)c, where c is the cluster size. They showed that these clusters
exist in near-Gaussian size distributions for which the mean size is sta-
tistically significant, and that this mean size increases very rapidly with
increasing relative humidity. Temperature also affects mean cluster size,
although not as significantly as does humidity. They also showed that the
->anges in mean cluster size with humidity and temperature could explain

-ost precisely the dependence of the infrared "continuum" absorption of
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water vapor, which is attributable to clusters in the vapor, upon these
same parameters. Thus, their results indicated quite clearly that neutral
clusters in water vapor or moist air are the cause of this anomalous or
excessive infrared absorption, which had been unexplained previously.

Some of their data are shown in Figures 16 to 20. In Figures 16 and
. 17, cluster distributions are shoun for 99-1000 C for saturation ratios of s

= 0.056, 0.15, 0.31, 0.38, 0.47 and 0.55, corresponding to relative humid-
ity values of 5.6%, 15%, 31%, 38%, 47% and 55%, respectively. In Figure
16 (top), the enhanced population of clusters of size c = 21 can be seen
clearly. This cluster structure would correspond to that shown at the bot-

_ tom of Figu" 1, but with an H3 0+ ion caged in the center. Such favored
cluster sizes are sometimes referred to as "magic numbers", and they tell

* * something of how a given cluster was formed. 18  In Figure 17, another magic
number configuration is indicated at cluster size c = 28, although its
geometry is a matter of conjecture.

Mass spectra like those shown in Figures 16 and 17 for constant tem-
perature at 99-1000 C, showing a strong dependence of the mean cluster size
upon humidity, are also observed at ambient temperatures. For example,
Figure 18 shows a spectrum for "clean air" at 230C and 75% RH (s = 0.75).
Note that the mean of this distribution is ,tear c = 8, far smaller than the
value c = 33 shown in Figure 17 for an RH of only 55% (s = 0.55). This
behavior reflects the fact that water vapor exhibits a rapidly-increasing
vapor pressure with increasing temperature; thus clusters grow in mean size
with increasing temperature if humidity is held constant or is not permit-
ted to fall rapidly during heating. However, if a condition of constant
partial pressure is maintained during heating, the resulting relative
humidity or saturation ratio will fall rapidly causing the mean cluster
size (c)p to decrease with temperature. This is shown in Figure 19, for a
sample with a water vapor partial pressure of 28.4 mm Hg at one atmosphere,
heated from 280C to 960C, resulting in a reduction in mean cluster size
from about c = 24 near saturation to c c 11 at the highest temperature
(which produced a relative humidity of only 4.2% (s = 0.042)).

When all available data of this kind are evaluated for the water ion
species H*(H 20)c in moist atmospheric air, it is possible to roughly esti-
mate the effects of temperature and saturation ratio on mean cluster size
as is done in Figure 20. It is arguable whether the water ion distributions

*0- measured by a mass spectrometer are like those sampled into the spectrome-
P . ter from the atmosphere. Samples undergo free-jet expansion and cooling,

with irradiation, to yield the spectra shown here. 2 1 It is posrible that
the measured ion clusters are very representative of neutral cluster popu-

% "lations in the sampled moist air; these would simply be ionized by irradia-
tion and rapidly "frozen" to preserve their integrity. Or, it can be
argued that the ion clusters are actually formed in the free-jet expansion on
ions that are produced by irradiation, and that these ions are swarmed by water
monomers. These arguments are academic, however, We know that the water
ion distributions measured in a mass spectrometer must be closely related

N to the neutral cluster distributions in the sampled moist air, particularly
as regards their temperature and humidity dependencies (Figure 20).
Otherwise, it would not be possible to model the temperature and humidity

e hii
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dependencies of the atmospheric infrared water vapor continuum absorption,
which arises from neutral cluster absorption, by using these dependencies
as deduced from water ions in a mass spectrometer (Figures 16-19).21

Other experiments strongly suggest the existence of huge populations
of neutral water clusters in water vapor and moist air. Figure 21 shows a
simple apparatus with which nucleation rates of water droplets in very clean
moist air at atmospheric pressure were be estimated for various vapor
temperatures. 1 9 Observations showed that droplet nucleation apparently can
occur spontaneously with warming, beginning at about 50oC, even in purified
saturated air at atmospheric pressure that is free of nuclei other than
water clusters. When the mass spectra of Figure 17 were measured 21 , it was
found that if the saturation ratio exceeded s = 0.55 at 99-1000C the cluster
distributions remained smooth to the left of the mean but began to deteriorate
very badly to the right of the mean for cluster sizes greater than c = 45.
One interpretation of these results was that clusters reaching a size of
about c = 45 were able to "spontaneously" nucleate droplets in moist atmos-
pheric air that was approaching saturation (s = 1); i.e., to nucleate or
condense droplets upon themselves without the need for large, conventional
condensation nuclei to be present (Figure 8). C('wmon atmospheric observa-
tions of nucleation, such as the steaming of water that begins at about
500C as the liquid is heated, have been presumed-by most observers to be
explicable as droplet condensation on impurity nuclei that are always pre-
sent in atmospheric air. But the apparatus in Figure 21 allowed this
behavior to be observed even in the absence of impurity nuclei.

The interested reader is referred to Ref. 19 for full details.
Briefly, these experimental results suggested that a single, critical clus-
ter size of about c 45 could explain nucleation in water vapor over a
wide range of temperatures and partial pressures. Thus a specific,
clathrate-like, near-spherical structure would be associated with this crit-
ical size, and that structure would embody incipient liquid water.
Figure 22, from Ref. 19, can be used to demonstrate this. The figure shows
schematically how water cluster distributions would respond to changes in
temperature or water vapor partial pressure. The ordinate indicates the
fraction of water vapor that is clustered, and the abscissa shows the
saturation ratio. The measured cluster distribution from the top of Figure
17, for s 0.55, is shown in Figure 22 atop the 100oC temperature curve.

The critical cluster size for droplet nucleation is shown by the heavy
curve labeled c = 45. Thus if the saturation ratio were raised above s
0.55 (55% RH), the distribution would "slide" to the right along the 100oC
line, and clusters exceeding size c c 45 would produce droplets in the
vapor. Similarly, if the temperature were reduced below 100oC under con-
stant partial pressure conditions, the distribution would move to the right

0 along the dashed line, producing droplets. At a temperature of about 50oC
in saturated vapor (s 1, the vertical line), a solid point indicates the
position upon which the cluster distribution for these conditions would be
centered. The right-hand "tail" of this distribution would just reach the
c = 45 curve under these conditions, and droplet nucleation in the vapor
would cease as the distribution descended the vertical s 1 line to still
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lower temperatures. These were exactly the experimental observations.

Much more detailed analyses are presented in Ref. 19.

4.2 Infrared (IR) Data.

The IR transmission of the atmosphere is limited by absorption of
* atmospheric gases and by optical scattering of suspended particulates.

Atmospheric spectra for two different path lengths are shown in Figure 23.
"Window" regions exist where interatomic absorption by gases is minimal;
these are commonly used for remote-sensing and otner instrumentation. Two
windows, one at 3-5 jm wavelengths (excluding the CO2 band at 4.2 Jim), and
another extending from 7 to 13 pjm, are most popular for the operation of a
wide variety of instrumentation. The 7-13 pm window (partially shown in
Figure 23) is especially important because its wavelengths correspond to
those of the peak blackbody emission of the earth's mantle, and thus it is

3! heavily involved in the "greenhouse" effect. The high-powered CO2 laser
operates at 10.6 jm in this window.

Aside from its obvious role in producing hazes and fogs on atmospheric
nuclei at higher humidities which attenuate radiation, water vapor also
attenuates in the IR by two kinds of absorption: atomic and molecular.
Atomic absorption arises from single water molecules (monomers), due to
vibrations of interatomic 0-H bonds, and rotation of molecules. Molecular
absorption arises from hydrogen-bonded water clusters in the vapor, which
have liquid-like spectral absorption to which is usually attributed the IR
"continuum absorption" of water vapor.

TABLE 1.

WAVELENGTHS (A) OF PRINARY INTERATGAIIC AND ROTATIO114. INFRARED

ABSORPTION RANDS IN THE VAPOR 40 LIQUID PHASES OF WATER

Band Designation Aim, in Vapor An., in Liquid

7.76 2.90

SS6.27 6.10

1k13 2.6( 2.77
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The three primary atomic absorption bands of water are remarkably sim-
* ilar regardless of whether they are measured in the vapor or liquid phases.

Table 1 summarizes the absorption wavelengths of these bands. Only small
differences exist between the peak absorption wavelengths of water vapor
and liquid water; these can be attributed to molecular interactions in the
much denser liquid phase compared to the vapor phase. But measurements
show that the absorption intensities of each of the three bands are very
similar for equal sample quantities of water vapor or liquid. That is, the
absorptivities or absorption coefficients of the three bands are about the
same regardless of whether the water samples are liquid or vapor.

.• But the situation is decidedly different in the window regions bet...en
water's atomic absorption bands. In these windows, where the IR continuum
absorption is troublesome, liquid water has far larger absorption coeffi-

* cients than does water vapor consistirg primarily of single molecules
(monomers). These are the spectral regions of molecular absorption; simi-

. lar absorption is also seen at longer wavelengths extending into the milli-
meter and centimeter-waves, i.e., the radar region. This molecular
absorption results from hydrogen-bonded clusters floating in the vapor

* phase. Figure 24 shows the IR spectrum of water vapor consisting almost
entirely of monomers. Note that there is much fine structure due to
interatomic modes of the water molecules; this is also apparent in Figure
23. The window regions at 3-5 pm and 7-13 pm are clearly defined. In
the centers of these windows, water vapor has virtually no spectral
absorption. For comparison, Figure 25 shows the IR spectrum of liquid
water. Note that there is no fine structure because of intermolecular
forces in liquid water, which is almost completely hydrogen-bonded. 2 The
three absorption bands shown in Table 1 are present in Figure 25, but the
v1 and V3 bands are saeared together due to the intense absorption of this
liquid sample, which was a water film only 10 jim thick.

If we go wavelength-by-wavelength through the IR and radar regions and
* we take the ratio of the absorption coefficient of liquid water to the

absorption coefficient of pure water vapor (a gas of monomers), the result
is shown in Figure 26. The height of the peaks in Figure 26 indicates how

* troublesome the absorption by liquid-like water clusters will be in various
wavelength regions. For example, in the 7-13 pm IR window region, the peak

- exceeds 104. This indicates, for example, that if a cluster fraction of only
about 10-4 were present in water vapor, the clusters would account for as

-'*0 much spectral absorption themselves as the absorption by all of the vast
majority of single wat-r molecules combined. Typical atmospheric water
vapor actually contains a cluster fraction of about 10-3. Thus the contin-
uum or "anomalous" absorption due to clusters exceeds that due to all of
the vapor by a factor of 10. In other spectral regions the cluster absorp-
tion is less dramatic, but it is still troublesome. When the cluster frac-
tion in water vapor increases, e.g. at higher humidities and especially in
clouds and fogs, the cluster absorption completely dominates monomer
absorption in determining atmospheric radiative transfer. At higher
humidities hazes and droplets also attenuate visible and IR wavelengths due
to their optical scattering, but this must not be confused with or used to
explain away the very substantial spectral absorption due to water
clusters, which are far too small to scatter radiation at these
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wavelengths; thus, they are pure absorbers. Cluster absorption, for exam-ple in steam, can account for much greater extinction of radiation thanthat due to scattering by droplets that also are suspended with the clus-ters in the vapor.

The liquid-like absorption of neutral water clusters can be appreci-ated if we compare IR spectra, obtained by new crossed-beam techniques,l?V. for clusters of different sizes with the spectrum of liquid water. Figure27 shows near-infrared spectra of neutral water clusters ranging from sizec = 3 to size c = 6. The liquid water spectrum is shown at G. in thisfigure. The spectrum of the cluster of size three has little resemblanceto that of liquid water. But as cluster size increases the finer spectralstructure of smaller clusters is gradually blurred and, for the cluster ofsize c = 6, the spectral envelope has attained a shape approaching that ofthe liquid. In other words, neutral clusters of size six or more behavevery much like liquid water as regards their IR absorption. This tends toconfirm thermodynamic observationsl8 which show that by the time waterclusters reach a size of six they are, for all practical purposes, liquidwater. Thus we can understand why neutral clusters, when suspended inwater vapor, give rise to absorption that is indistinguishable from thatdue to an equal mass of liquid water in a vapor sample, with the exceptionthat the clusters are so tiny that they behave as pure absorbers, whileliquid water would also attenuate by optical scattering if it were presentin larger droplets. We can see that te ratio of absorption coefficients(Figure 26) of liquid water to its vapot does give a good indication ofthe extent of cluster or "continuum" absorption to be expected in a givenspectral region.
M* Large populations of neutral water clusters exist, in water vapor andin moist atmospheric air, in equilibrium with much smaller populations ofwater ions (Figures 11 to 15). C.T.R. Wilson's cloud chamber data 5 , 6 gavethe first indication that their populations are on the order of hundredsof ion clusters per cc, and greater than 108 neutral clusters per cm3 (hisexperimental limit of resolution). Thus the population ratio of neutral toion clusters in water vapor is greater than 106, but because equilibriaexist between the two species they are present in proportional populationseven though their absolute numbers Qay vary widely depending upon ambientconditions. Experiment confirms 2 2 that the infrared absorption (due toneutral clusters) and the ion content of moist atmospheric air are propor-tional to each other. Simultaneous measurements have been made of theelectrical conductivity of Moist air and its infrared absorption under typ-ical room conditions. A multi-pass optical cell ("White cell") giving pathlengths up to 94 meters was used to monitor ZR absorption of recirculatingmoist air which also passed through a chamber in which sensitive vaporelectrical conductivity cells were located (Figure 28). Temperature andhumidity were monitored over a wide range of values. A precision opticaltbench was used with a sensitive IR radiometer (Figure 29); a He:Ne laserwas co-aligned with the radiometer to monitor droplet scattering in thevisible region at the 0.63 gm at higher humidities, over the same opticalpath. Experiments like these showed that the ion content of moist aircould be monitored to learn how both water ion clusters and neutral clus-ters behave under various teeperature and humidity conditions in moist air.
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Thus, electrical measurements of moist air became important and were car-

ried out extensively between 1979 and 1987.

4.3 Electrical Conductivity (Ion Population) Date.

The mobility of a water ion moving in an electric field under
atmospheric conditions depends strongly upon the cluster size (Figure 30).
M obilities are given in the units cm2 /volt-second. Thus, the velocity of a
water ion cluster of a given size, in cm/sec, can be related to the
strength of an electric field, in volts/cm. If conductivity cell dimen-

. sions are known, it is possible not only to determine the total ion content
between cell plates or electrodes immersed in moist atmospheric air, but
also to separate ions according to their sizes if this is desired.

Because water vapor is thousands of times less dense than liquid
water, vapor electrical conductivity cells are larger than their liquid
cell counterparts. In the CRDEC work, a long evolution of cell design has
taken place 2 3 but the objective has always been the same: to separate
electrical leakage currents through thin water layers on cell insulators
from currents due to ions in the vapor between cell plates or electrodes.
The latter currents are, of course, the ones that one wishes to study as
functions of temperature and humidity.

Figure 31 shows an early vapor conductivity cell design1 4 in which 40
steel plates were supported in parallel stacks by five f;nTaglass rod insu-
lators passing through the corners and centers of the stacks. The plates
in these cells, and in all subsequent cells, were interleaved in the fash-
ion of an automotive electric storage battery except that moist air, rather
than an electrolyte, occupied the spaces between the cell olates. In this
way the alternate plates could be mechanically supported by metal rods
which stiffened the interleaved stacks, and also provided electrical con-
nection between every other plate. Thus when an electrical potential
(DC voltage) was applied to a given cell, each plate would have the oppo-
site polarity of its neighbors, and all plates of a given polarity would be
electrically and mechanically connected together. The insulators supported
the plates so that a uniform air gap was maintained between the two inter-
leaved sets of 20 plates each. The gap spacing was usually 0.66 cm. As
shown in Figure 31, it was common practice to use cells of at least two
different plate areas. This gave the cells vastly different sensitivities
to ions in the moist air between the cell plates, because a great many more
ions (and thus a much higher ion current) would exist in the large cell
than in the small one. But the total number of cell plates, and their gap
spacing, were always the same and their insulators were always identical.
Thus the moist air (water ion) currents measured between the plates could
always be distinguished from insulator leakage currents and other experi-
mental artifacts.

The cell designs became more sophisticated. Aluminum replaced steel
as th• plate material. allowing fewer insulators to support the reduced
K iqht. Teflon insulators were found to have less electrical leakagje than
fibreglass ones, and replaced the latter. Figures 32 and 33 show construc-
tion details of two teflon-and-aluninum cells having two identical

- s23



insulators. Later, entire families of cells of different plate areas and
vapor ion sensitivities, but with identical insulators and insulator leak-
age characteristics, were fabricated (Figures 34 and 35). The cells shown
here in their cabinet were the ones used in this configuration to measure
the ion content of mo'*st room air as it was recirculated through an optical
cell for simultaneous measurements of IR absorption (Figure 28).

Despite the sophistication of these cell designs, it was decided that
the results of the measurements were of sufficient importance to warrant a
new cell design that would, in effect, completely eliminate insulator elec-
trical leakage as an experimental consideration. It was decided to build a

* single, large cell of interleaved aluminum plates that would be supported
by special insulators located outside the moist air test chamber.

* Furthermore, the environment of the insulators would be controlled to keep
all surfaces very dry, and thus to eliminate water surface films and their
attr.ndant electrical leakage currents. This was accomplished by passing
the steel rods supporting the cell plates through small holes in the cham-
ber walls, and supporting them with teflon insulators in an outer ducted
chamber to which very hot air could be continuously delivered by a hot air
blower. Photographs of the apparatus are shown in Figures 36 and 37, and
it is shown schematically in Figure 38. A close observation of Figures 36

*e - and 37 will show the cell plates in the inner test chamber and the steel
rods passing through the chamber walls to the teflon insulators, with
pointed bases, in the hot air duct surrounding the outside of the chamber.
Temperature and humidity indicators can be seen in the top of the hot air
duct.

The hot air blower atop the duct is clearly visible in Figure 37.
Each set of 20 interleaved cell plates was supported by its own set of four"
insulators. Thus, as indicated by Figure 38, if electrical leakage were to
occur at all the current would have to pass from a cell plate of a given
polarity, along a steel supporting rod to its inisulator, down the insulator
and through its sharply-pointed base, across n teflon surface upon which
the point rested to another insulator, up that insulator point to a steel rod
and along the rod to a cell plate of opposite polarity. Repeated experiments
showed that no leakage current whatsoever could be measured in normal
operation, during which the insulators were maintained in a continuous flow
of hot air at temperatures of 700C or more and relative humidities (RHs)
below 20%. It will be shown in the next section of this report that at

• these RHs water monolayers cannot form even on active surfaces like glass,
much less on hydrophobic surfaces like teflon. Since insulator surface
(leakage) currents are directly proportional to water layer thickness, no
current can flow when not even a single continuous monolayer is permitted
to form on the insulators. Thus the vapor conductivity and ion population
data measured using this cell of new design should be unequivocal; this is

* important because of the controversial nature of cluster structure in Mater
vapor and its dependence upon RH and temperature. 1 2

A year's research was carried out using this new cell in studies
• -funded by a U.S. Army research fellowship.2 4 The results confirmed and

greatly expanded the data base obtained using earlier cells (Figures 31 to
*Q 35). Some typical data are shown in Figure 39, where the cell current due

to ions in moist air is plotted vs. the saturation ratio, s (AH/1O0),

k2.
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starting at an air temperature of 240C at 60% RH (s = 0.6). The solid
points indicate the increase in cell current (vapor ion content) during
humidification with an ultrasonic nebulizer. At saturation (s = 1.0), the
ion population has increased from about 100 per cc at s = 0.6 to about 1C5

per cm3 . The nebulizer was then shut off, and the humidity was allowed to
fail (hollow points) as the chamber temperature rose to 35o0 in response to
continuous heating of the chamber walls by the hot air blower in the out-
side duct which was used to keep the insulators dry. Separate experiments
established that neither the blower nor a fen sometimes used in the chamber
to recirculate the moist air sample were, themselves, significant sources
of ions. Other data (Figure 40) qbhw similar trends over a somewhat nar-
rower temperature range. The data show less scatter than do those in
Figure 39. All data of this kind indicated that the dependence of cell
current and water vapor ion content upon humidity was approximately
s13, i.e., the thirteenth power of the saturation ratio when a potential of
400 VDC was applied to the cell plates, resulting in an electric field of
600 volts/cm. The behavior was ohmic down to potentials of only a few VDC,
i.e., Ohm's law was obeyed and the cell current was linearly dependent upon
the voltage applied to the cell.

* •In other experiments, higher cell potentials were used. Figure 41
shows data for a potential of 1000 VDC, resulting in an electric field of
1500 volts/cm. During the dry-down phase here (hollow points),
"hysteresis" effects are noted. That is, as drying was begun the cell cur-
"rent fell more rapidly than expected, but at lower humidities (s = 0.8 to
0.95) the current stabilized and rose above values observed during the

* humidification phase. Finally, below 3 = 0.8 the cell currents returned to
values at the start of the experiment. Also note that for this electric
field strength the cuvr-nt fo-lows the runction s 1 3 only at :-,gher
humidities; it is nearer s, or s8 at humidities below about s = 0.85.

Cell currents also ý.ari be represented vs. applied voltage, Eb, for
various humidities as shown in Figure 42. These plots clearly show the
linear or ohmic nature of the data at lower potentials, and the orderly
reduction of cell cur-ent at lower humidities. But a "knee" is observed
when the cell potential exceeds 1000 VOC. This probably indicates that the
water ions being measu-ed, which invariab'iy carry a single electronic
charge in smaller elertric fields, begin to carry two or more charges in
stronger fields. Since the ions are limited in number, each must carry
more than one charge when the electric fieid :;trength exceeds some
threshhold value corresponding to the conditions of temperature and humid-
ity in a given experiment.

Data like these confirm the cbser-vation that the populations of water
ions in moist atmospheric air, and of neutral clusters in equilibrium with
them, increase with humidity and, especially under conditions of energetic
humidification with droplets present, can reach numbers much larger than
those in typical ambient atmospheres, Under energetic conditions at high
humidities, the data suggest that water vapor can become extensively
clustered 'f it is not, in fact, almost completely clustered.
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5. ADSORBED W4ATER SURFACE LAYERS

5.1 Proportionality of Layer Thickness to Relative Humidity (RH).

Many kinds of experimental data show clearly that thin layers of
water molecules attach themselves to surfaces at higher RHs, and that the
layer thicknesses are directly proportional to RH. The nature of the sur-

* face determines the RH at which the first molecular monolayer is deposited.
* In experiments during which water films are deliberately made to form on

electrical insulators so that the resulting electrical leakage currents
across the surfaces can be measured, it is found (1) that the current at a
given potential is directly proportional to the film or layer thickness,
and (2) that the layer thickness is usually d'.rectly proportional to RH
during the humidification phase, but can vary widely about proportionality
during the dehumidification or drying phase. The latter is usually

* referred to as "hysteresis" behavior.

Figure 43 shows data relating the equivalent number of water
monolayers that are adsorbed on surfaces of two kinds, glass and platinum,
as functions of RH. On glass the first monolayer forms at about 60% RH,

.•and the adsorbed water layer can reach a thickness of 100 monolayers or
more as saturation humidity is approached. Dissolved salts and impurities
in glass interact with surface water; thus monolayer formation begins at
modest levels of RH. But the first monolayer is not formed on a platinum
surface until the RH reaches about 80%, and the maximum adsorbed layer
thickness approaches only about 20 monolayers at saturation humidity.
Platinum, like teflon, is a quite hydrophobic surface. Also shown in
Figure 43 are the humidity dependencies observed (Figures 39 to 41) for the
water ion content and electrical conductivity of moist atmospheric air.
Thus the data tend to suggest that the populations of water clusters, including
water ions, on surfaces mimic the populations of water clusters in moist
air, as functions of humidity. This would indicate that equilibria exist
between water clusters in rhe vapor and those on surfaces, perhaps insights
can be gained from quch observations into the nature of the liquid water
surf-dce and the unknown mechanisms that govern this liquid/vapos' interface. 3 , 8

5.2 Surface Phenomena and Hysteresis Effects.

Hysteresis effects were noted in the ion content and electrical con-
ductivity of moist air as a function of atmospheric humidity (Figure 41).

-0 ,We have mentioned that surface hysteresis effects are observed in measure-
ments of surface water layers on teflon insulators by electrical
conductivity. There are other practical examples of hysteresis behavior on
surfaces. For example, Figure 44 shows how the adhesive forces holding
dusts to surfaces are affected by ambient relative humidity (RH), One of
the strongest binding forces governing adhesion of dusts to surfa~ces is
capillary condensation. As the figure indicates (also see Figure 43), when
RN is icreased There is a delayed (i.e., nonlinear) increase in the adhe-
sion number, which relates adhesion force as a percentage to the maximum
value reached at 100" RH. The adsorbed surface water layer thickness
increases rapidly with humidification above 50% RH, reaching a maximum at
100% RH. But when drying occurs (upper curve), the "evaporation" of the
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surface layer is not immediate. Again there is hysteresis. Together, the
curves form an almost classical "hysteresis loop" such as is observed,
e.g., in the inductance of electrical coils with voltage changes. The data
indicate that if it were required to remove, e.g., biological or
radiological dust contamination from surfaces, this is more difficult to
accomplish once the surfaces have become moist and are subsequently dried,
than if decontamination were performed before water layers formed on the
surfaces. Thus daytime decontamination, before the evening drop of air
temperature with subsequent increase in RH, might be advisable in a BR
defense scenario even though delay was otherwise considered to be
unimportant.

5.3 Sources of Atmospheric Ions.

Experimental data like these raise fundamental questions concerning
not only the nature of water-substance itself, but our understanding of the
electrochemistry of liquid water and water vapor. At low humidities in
water vapor, layers of water molecules do not form on surfaces (Figure 43).
Under these same conditions, the water ion content of the vapor is at its
minimum (Figures 39 to 41). At higher humidities the plates or electrodes
of vapor electrical conductivity cells become moist as molecular layers
accumulate on them, while proportionally larger ion populations are found in

Sl the vapor. What has completely escaped notice until very recently is that
there may be a causal relationship here, i.e., the ions in the vapor may be
generated from moist surfaces in electric fields. Thus moist surfaces,
between which existed even small electric fields typical of the earth's
atmosphere in fair weather (a few volts/cm), might be the sources of
atmospheric water ions. In effect this would mean that electric currents
produce ions in moist air, rather than ions producing electric currents in
moist airL in the presence of even small electric fields. It would also
explain why conventional atmospheric ion counters, such as Gerdien tubes, 2 5

whose electrodes are kept dry even as humid air samples are passed through
them, would fail to count increasing ion populations with increasing RH:
the source of the ions (the electrodes) would not carry the surface water
layers necessary tr generate water ions to pass through the vapor gap
between them under the given potential (voltage) difference between the
electrodes. 23 These questions can only be resolved by a continuation of
the research begun in the author's fellowship studies. 2 3 , 24

Although molecular layers of water on surfaces in electric fields
•0 appear to be sources of atmospheric water ions between surfaces at differ-

ent electrical potentials, the surface of liquid water is an extremely poor
source of atmospheric ions. In the author's electrical conductivity stud-
ies of moist air, 2 3 , 24 if finely-structured molecular layers of water on

__the electrodes (cell plates) coalesced into liquid water films or droplets,

the electric current between electrodes dropped precipitously, often by
orders of magnitude. This behavior would be consistent with the view that
so long as water molecules in adsorbed layers on surfaces maintain their
integrity they are free to leave the surfaces in an electric field, as charge

Scarriers (water ions), either individually or (more likely) as clusters of
molecules that pass into the vapor and move under the influence of the
electric field. But once the surface molecules coalesce into bulk liquid
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water, they become much more firmly bound to their neighbors in the con-
densed phase and they cannot leave the surface except under the influence
of very large electric fields.

6. HIGH VOLTAGE PHENOMENA

6.1 Hysteresas and Corona Discharges.

As electric fields reach levels exceeding one to two thousand volts/cm
(1-2 kV/cm), atmospheric water ions that move under their influence begin
to carry more than one electronic charge 2 5  (Figure 42). In very large fields
corona discharges occur, involving not only water but air molecules, and
highly-conductive plasmas exist until the electrical resistance of the
vapor finally breaks down and electric arcs, like miniature lightning

* discharges, are struck through the vapor. As corona and breakdown condi-
tions are approached in increasing electric fields, adsorbed water surface
layers on insulators and walls become increasingly important. Insulators

* which work very well at lower voltages and/or lower humidities are degraded
-* and, under extreme conditions, electric arcs will be struck across their

surfaces producing carbonization (charring) and permanent damage. Thus
insulators must be excellent, and preferably should be kept dry, in high-
voltage applications.

For possible CB defense (air filtration) applications, research has
been carried out using corona glow Jischarges to decontaminate airstreams.
Invariably in such research the question of decontamination efficiency
arises, and this depends on how effectively cell current flows through elec-
trodes (typically needles) and thus through flowing air, as opposed to its
alternative route through surface water layers on cell insulators and/or
walls. The total current drawn will be the sum of both the vapor and leak-
age currents, and this will dictate the power required for operation. At
high air humidities, the problem becomes worse. Design considerations are
very similar to those for the vapor conductivity cells shown in Figures 36
to 38.

Hysteresis behavior due to adsorbed surface water layers is often
observed in high-voltage air filtration studies employing corona
discharges. It is important to distinguish between these surface
effects, and other water ion vapor phenomen•i that might in fact be real, in
such studies. But this is not always easy, because the data can be very
difficult to interpret, and can often seem to be explicable on the wrong
grounds. In electric fields on the order of 15-20 kV/cm, air filtration

* .cell currents can vary by a factor of ten over a range of 20 to 70% RH, and
hysteresis effects can be very pronounced. Since agent simulant

2> destruction efficiencies by corona are on the order of only ten percent, a
clear understanding of whether air filtration by this means is or is not
feasible depends on an understanding of how the factor of ten in cell cur-
rent vs. humidity arises. Typically, experimentalists working with corona
air purification systems will find that RH affects current-voltage behavior
of the corona more than any other parameter. Critical levels are RH are
found where currents increase dramatically. Some type of "inertia" is said

S...to exist in the systems, and system response to changes in RH is not
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immediate. A clear understanding will only be gained through further

research employing the guidelines discussed in this report.

6.2 Accelerated Drying.

Asakawa 2 6 has shown that simply by applying a high-voltage electric
field to the surface of liquid water, one can increase the evaporation rate
by an order of magnitude. Figure 45 shows the experimental set-up
schematically, for water at 500C in a metal beaker in the center of which,
above the liquid surface, is suspended a wire electrode. In this case an
alternating current potential of 15 kVAC was applied between the water in
the beaker and the wire electrode, but DC can be used as well. The curves
show the water evaporation rate for natural evaporation (bottom) and elec-
trically assisted evaporation (top). The mechanisms involved are not
understood, but clearly they can or even must involve water ion clusters.
It is perhaps significant that at 50oC spontaneous nucleation of droplets
begins above the liquid water surface, and that this can be explained by

. "water cluster theory (Ref. 19, and Section 4.1 of tne present report).
Perhaps clusters of "critical" size for droplet nucleation (c = 45) are the

* species that leave the liquid water surface intact and thus greatly
increase the surface evaporation rate in the electric field. The time
scale of the alternating current would be very slow compared to that of the
water clusters leaving the water surface and diffusing away through the
vapor. Asakawa does not indicate whether 500C and higher temperatures are
best to achieve accelerated evaporation.

Even very simple experiments show quite dramatically that the drying
of fabrics can be accelerated by electric fields. Figure 46 shows the
effect of drying wet cotton toweling on an electrically-conductive rod with
or without a potential of 10 kV applied between the rod and earthed ground.
The effect of the field is significant, and would increase with increasing
applied voltage.

Figure 47 shows an apparatus used by the author to investigate a new
phenomenon which he discovered recently. 2 4 A large polystyrene insulator
is shaped to support two horizontal disc electrodes with high-voltage
"connections. Heater wires on the insulator prevent the surface water layer
adsorption and electrical leakage; thus all current must flow between the
steel discs, whose mutual spacing is adjustable from 0 to 10 cm. A sub-
strate of cloth or other material for test can be placed on the bottom

_ electrode, or on both electrodes (facing each other) if first moistened
adhere to the disc surface. Figure 48 shows experimental data for linen
substrates wetted with water and placed on either or both electrodes
(discs). With no substrates on the discs, or with a dry substrate on the
bottom disc, electric fields of several thousand volts/cm are applied to
the discs. Only a very small current flows. But when the linen substrates

MR ...... -are even slightly wetted with water, an enormous increase of three to four
orders of magnitude is observed. Further, although the polarity of the
wetted electrode (disc) has a minor effect, when both discs are wttted the
current is larger than for either alone. A positive disc polarity works
best, probably indicating that water ion species like H*(H20)c are repelled
away from a like-charged electrode in larger numbers than are negative
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water ions. In these experiments, linen and other substrates saturated
with water dried completely in a few minutes compared to an hour or more
with no electric field applied. If a paddle of insulator material were
passed between the discs with a current flowing, the current could be made
to drop to the dry electrode value by blocking the entire area of the
discs, or to some intermediate current depending on what fraction of the
disc area was blocked. Thus the paddle was able to block completely the
flow of charge carriers (water ions) from one disc electrode to the other.

We were concerned that the currents flowing from linen and other
substrates might be artifacts due to corona discharges. For example, linen
consists of fine fibres that, in a strong electric field, could stand on
end to produce "points" from which large corona currents could flow. It
did not seem likely that this would occur when the substrates were
saturated with water (when the largest currents flowed), but to be certain
we wetted other substrates with oil to seal any fibres to their surfaces.
Figure 49 shows experimental data obtained when trials like those for water
(Figure 48) were repeated for light oil, turpentine and water solutions of
ethanol and acetone. It was found that all of these liquids produced large
currents compared to dry electrode currents, but that water was most effec-
tive of all. The mechanism by which liquids other than water evaporate
more rapidly in electric fields is not yet understood.

These experiments established that electrostatic drying could be
employed with fabrics wetted with organic or inorganic liquids, and that
greatly accelerated drying could be achieved compared to natural
evaporation. Thus it should be possible to evaporatively decontaminate
clothing wetted, for example, with nerve agent at greatly accelerated rates by
using these techniques. It is also possible that decontamination of
electrically-conductive surfaces could be achieved in this way. Further
research is needed to explore these possibilities.

6.3 The Vapor Pressure of Water.

Asakawa 2 6 also observed that when a corona discharge occurred in a
closed system containing water, the partial pressure of water vapor in the
system increased significantly compared to the saturation vapor pressure of
water at a given temperature. The author repeated Asakawa's experiments 2 4

and found, furthermore, that the vapor temperature did not increase upon
application of corona discharge to the system; in fact, the vapor tempera-
ture often fell slightly. Thus, electrical heating was not the cause of
tche increase in vapor pressure. These results were also consistent with
the observation that high-voltage electric fields increase the evaporation
rate of liquid water (Figure 45). An increase in vapor pressure under
corona conditions would certainly help to explain accelerated evaporation
of water; the effect would be like that of raising the temperature to
attain a higher saturation vapor pressure. In our experiments, water vapor
partial pressure increased by as much as 74 percent, from 17.6 mm Hg to
30.6 mm Hg at 200C, immediately upon application of 22 kV to an array of
needle electrodes directly above the liquid water surface.

DeBoer 3 has reminded us that water has a far lower vapor pressure than
would be expected from classical theory for an ideal gas; one of the basic
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tenets of this theory is that the molecular weight of an ideal substance is
unchanging. From kinetic theory one can easily calculate how the vapori
pressure of water should vary with its molecular weight. Thus, if espe-
cially under saturated conditions (100% RH, s = 1), extensive molecular
clustering occurred in water vapor its effective molecular weight could
considerably exceed 18. This would significantly reduce its saturation
vapor pressure compared to that if it were a gas of single molectles. At
the liquid water surface (liquid/vapor interface) that is so poorly under-
stood, it indeed seems possible that water's effective moleculhr weight
due to clustering might be much larger than 18 so as to expla;n its bizarre
physical properties when compared to other substancts.

The explanation of why the vapor pressure of water increases in the
presence of corona discharges would then be straightforward. The corona
would cause fragmentation of hydrogen bonds holding water clusters in the
vapor together. The effective molecular weight of the vapor would fall
precipitously toward 18 from a larger value in the previously-clustered
vapor. This would cause an immediate increase in water vapor pressure, but
without an increase in temperature. In fact, the vapor temperature could
actually fall due to the fragmentation of the hydrogen bonds and absorption
of latent heat of vaporization by the water species. Calculations show

* that, just at the onset of corona, electronvolts of energy are available
for every neutral cluster even in water vapor, even if the vapor is almost
completely clustered. Thus sufficient energy is available to dissociate

*. many hydrogen bonds per cluster, leading to cluster dissociation throughout
the vapor volume and to a sudden increase in vapor pressure, exactly as is
observed.

7. DISCUSSION

This report has discussed many militarily-significant propertien of
atmospheric water vapor and its adsorbed surface layers. The physiceil
nature of water both in its liquid and vapor phases has been examined, and
3everal insights have been offered into the nature of the vapor interface
with its liquid and with surfaces upon which molecular layers of water are
adsorbed. The discussion serves to point out how little we really do know
about this seemingly simple substance which comprises most of our bodies,
and without which life on earth would be impossible. Its extensive hydro-
gen bonding causes it to behave more as a polymer than as a simple molecule
under many diverse conditions; its effective molecular weight must be
"highly variable, although we cannot think of molecular weight here in the
same sense that we do concerning chemically-bonded polymers and other
substances. Water remains an enigma, the extent of which we are only
recently beginning to perceive. Its molecules can almost be thought of
as building blocks, readily able to hydrogen-bond to each other and to
a hierarchy of other molecules, thus selectively engaging in such com-
plex and fundamental interactions as those that build DNA and genetically
code our life forms.

But for all its complexity, the manifestations of water in our envi-
ronment are so commonplace that Ke assume we can easily deal with any
problems they might cause us. Heating solves many problems because water's
suturation vapor pressure and thus its relative humidity are so dependent
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upon temperature. By using sufficient heat we can dry wet fabrics and
eventually remove sticky adsorbed water layers from surfaces. But we are
not so aware that by drying we are drastically altering the populations and
size distributions of countless water clusters in water vapor or moist air,
and that extensive molecular and ionic interactions occur during this seem-
ingly simple act. In some applications, these interactions can have sig-
nificant or even serious consequences. The mass of the water ion cluster
of size ten, H+(H 20)lO, is 181. The mass of a molecule of agent GD is 182.
Thus if we want to detect toxic GD vapor in moist atmospheric air using an
ionization detector like CAM based on mass spectroscopic principles, the job
becomes quite difficult in the presence of large populations of ion clusters
of size ten. Figure 18 shows that the mean size of water ion cluster distri-
butions at 230C and 75% RH in clean air is about cp = 8; if the RH were
increased above 75% the mean cluster size would be closer to 10. But by heat-
ing the sampled air we can shift the cluster distribution far to the left, thus
leaving few clusters of size ten in the sample while not affecting the GD
molecules that are to be detected. Other C-agent molecules have other
masses, corresponding to different sizes of water clusters. When we recall
that other atmospheric gases such as nitrogen also can form complex water
ions of many different masses, the problems of detecting specific toxic mol-
ecules in the air become still more apparent.

The IR and longer-wavelength transmission of the atmosphere is
strongly affected by, and is often dictated by, the water vapor continuum
absorption arising from huge populations of neutral water clusters in the
vapor. Passive remote C-agent detectors, which depend upon natural IR

r: radiation in the 7-13 Mm window region or in other spectral regions, are
intended to give warning of toxic agents in the atmosphere at long ranges,
so that protective measures can be taken. Operators assume that if they
can see, e.g., a distance of ten kilometers, their remote sensors also will
"asee" at least this far. But this assumption is wrong under many conditions
and, furthermore, the operator cannot be warned because infrared signals
arriving at the detector are ambiguous. It is possible for toxic vapors to
approach within a few hundred meters of the detector, without warning,
while the operator assumes that because of clear visibility of the atmosphere
that his warning radius is several kilometers.

The electrical activity of the atmosphere is greatly affected by, and
is often dictated by, water vapor. High-voltage systems operating at
higher humidities are troubled by water surface layers that cause electri-
cal leakage and inefficient operation, if not actual damage to system compon-
ents. Electronic circuitry is always at risk, especially in tropical climates.
The ion content and electrical conductivity of moist air appear to be
strongly affected by relative humidity, thus confounding problems of vapor
decontamination by corona discharges, and even the filtration of fine par-
ticles that are usually trapped on filters by electrostatic forces in dry air.

Adsorbed water surface layers directly affect the adhesion of biologi-
cal and radiological dusts to surfaces, and their subsequent
decontamination, as functions of humidity which often exhibit hysteresis-
like behavior. Drying of water and other liquids, probably including C-
agents, is greatly accelerated in strong AC or DC electric fields.

32



Detectors using atmospheric sensors that depend upon surface effects are
almost certain to be affected by adsorbed water layers that respond unpre-
dictably to changes in humidity. Surface sensors are finding increased use
in biological applications, and include optical sensors such as germanium
probes used in infrared internal reflectance spectroscopy.

8. CONCLUSIONS AND RECONINDATIONG

The research results and discussion presented in this report lead to
the conclusion that there are at least several areas for Primary Military
Applications of present knowledge and new research results:

A. Point detectors based on ionization mass spectrometry principles,
such as the Chemical Agent Monitor (CAN), in which large water ion clusters
can "look" like C-agent molecules and thus confound detection.

B. Infrared remote sensors, particularly those utilizing passive
radiation, whose warning range is strongly dependent upon the atmospheric
water vapor continuum absorption with or without the operator's knowledge;
many applications are probable as well in electromagnetic obscuration and
countermeasures, generally.

C. Decontamination procedures and technologies, including:

(1) Surface adhesion vs. humidity and its effects on biological
and radiological contamination and removal.

(2) Accelerated evaporation of contaminants on fabrics and other
surfaces in large electric fields.

(3) Corona discharge:
(a) in vapor detoxification.
(b) in possiule surface decontamination scenarios.

D. Surface effects and survivability:
(1) Humidity and electrical insulation.
(2) Hysteresis behavior of adsorbed water layers vs. humidity.
(3) Electrostatic modification of surfaces, e.g. in filtration

of fine particulates.

(4) Production of ions directly from adsorbed surface water lay-
ers in electric fields.

These applications areas can be evaluated to determine how, and to
what extent, present knowledge can be directly applied, and in which
arevs new research studies are required if significant payoffs are to be
anticipated in CBR defense. As a minimum, the following problems are
Recommended for S

A. A brief research study is needed to review all mass spectral data
obtained during the CAM development; this will be a cooperative effort
between research and development personnel. Its purposes will be (1) to
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gather and analyze all available data on ion mass spectra, particularly
water ion mass spectra, as functions of humidity, temperature and other
parameters; (2) to understand what improvements were incorporated in CAM
during development to improve its specificity for C-agent molecules in the
presence of water ion clusters and other ions; (3) to update our knowledge
so as to determine whether further improvements are possible in present
or future-generation ionization detectors.

B. A brief research study is needed to review to state of development
of remote infrared C-agent detection systems as regards their real vs. per-
ceived operation in the presence of water vapor continuum absorption due to
"clusters in the atmosphere. The author, developing remote IR sensors more
than 20 years ago, investigated atmospheric propagation problems that led
to our present knowledge of molecular structure in water vapor; yet this
knowledge has never been applied to the military systems from which it was
acquired. The purposes of the study will be (1) to gather and analyze typ-
ical data from developmental remote IR systems under a variety of atmos-
pheric conditions; (2) to coordinate research results with field
operational observations and problems, if any; (3) to suggest ways to
improve future systems and/or the unambiguity of their detection and warn-
ing capabilities.

C. A brief research study is needed to collate and analyze available
data on molecular layer thicknesses on surfaces for water and other sub-
stances as functions of temperature and humidity. Its purposes will be (1)
to study adhesive forces holding contamination on surfaces and their
hysteresis-like behavior; (2) to optimize decontamination procedures, e.g.,
for biological and radiological dusts on surfaces vs. relative humidity.

D. A substantial research study is needed to investigate high-voltage
effects on the accelerated evaporation and detoxification of liquids on
surfaces and in airstreams. Its purposes will be (1) to study the feasi-
bility of accelerated evaporative decontamination of clothing and other
absorbent material in large electric fields; (2) to reconsider application
of corona discharges to airstreams and to surfaces for decontamination in
light of the role of adsorbed water surface layers, and water ions in moist
air, on the efficiencies of such systems; (3) to measure water surface
layer thicknesses on surfaces in high-voltage fields as functions of rela-
tive humidity and temperature, by using electrical conductivity techniques.

E. A substantial research effort is needed, preferably under ILIA
funding, to complete important research on the structure of atmospheric
water vapor using electrical measurements. Specific questions to be inves-
tigated will include: (1) the mechanism accounting for greatly ehnanced
rates of evaporation of water and other liquids from cloth and other

_ substrates in large electric fields; (2) verification that the ion content
and electrical conductivity of atmospheric moist air are strongly dependent
upon relative humidity; (3) whether water ions are produced directly from
adsorbed molecular layers of water on surfaces between which electric
potentials exist; (4) why the vapor pressure of water is increased greatly
in the presence of corono discharges, and the molecular mechanisms that are
involved; (5) what can be learned from these studies concerning the precise
nature of water and its vapor/liquid interface (the liquid surface).
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EXAMPLES OF WATER CLUSTERS

OPEN STRUCTURE

CLOSED STRUCTURE

SOURCE: L.E. STODDARD, J.L. KASSNER

Figure i. Exakples o4 Water, Clusters
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Figure 2. Wate. iolecules (Monomers) Clustering About Ions.
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DROPLET OR CLUSTER EQUILIBRIUM EQUATION

In -- ( +~ + f(H)
RM Po a d( 8ra4

WHERE:

R = GAS CONSTANT, 8.314 x 107 ERGS/°K-MOLE

6 = ABSOLUTE TEMPERATURE, OK.

6 DENSITY OF THE DROPLET, G/CM 3

* M MOLECULAR WEIGHT, G/MOLE.

p/po = EQUILIBRIUM SATURATION OR SUPERSATURATION RATIO

T = SURFACE TENSION, DYNES/CM

a = DROPLET RADIUS !N CM

61, E21 = DIELECTRIC CONSTANTS OF VAPOR AND CONDENSED LIQUID

q ELECTRONIC CHARGE, 4.813 x 10-10 STATCOULOMB

f(H) = A FUNCTION RELATING THE EFFECT OF HYDROGEN BONDS IN WATER

CLUSTERS TO CLUSTER RADIUS OR SIZE. THIS TERM HAS ALWAYS

BEEN IGNORED, AS J. G. WILSON STATES:

. . . . .....(THE EQUATION ABOVE)'..... IS CLEARLY INCOMPLETE WHEN, AS FOR

WATER, STRONGLY POLAR MOLECULES FORM AN ORIENTED SURFACE LAYER.

NO DETAILED TREATMENT OF THIS MODIFICATION HAS BEEN MADE."

-PRINCIPLES OF CLOUD CHAMBER TECHNIQUECAMBRIDGE (1951)

Figure 7. The Thomson/Kelvin Equation, With Explanation.
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C.T.R. WILSON

ON THE NEUTRAL NUCLEI (WATER CLUSTERS) ACCOUNTING FOR "CLOUD-LIKE"

* CONDENSATION.

... . .'IT IS DIFFICULT TO ACCOUNT FOR THE IMMENSE NUMBt-*R OF THESE NUCLEI,
OTHERWISE THAN ON THE VIEW THAT THEY ACTUALLY ARE SIMPL-1 SMALL

AGGREGATES OF WATER MOLECULES, SUCH AS MAY COME INTO EXISTENCE MOMENTARIL
THROUGH ENCOUNTERS OF THE MOLECULES. ON THIS VIEW THE DIMENSIONS OF THE
MOLECULES CANNOT BE SMALL COMPARED WITH 6 x 10'a CENTIM.' . . ."

/

PHILOS. TPANS. (LONDON) V. 189, 265 (1897)

_j

ae

Figure 9. C.T.F.. Wilson's Reasoning That the Known (Correct) Water
Molecule Radius Was Too S•a1I by a Factor of Three.
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I.- MONOMERS
6

IO1N-INDUCED NEUTRALS (>108/cm 3 )

4- 1

INHYDRATES ,~10 2/cm3

2

~cf

0000

0o
2 4 6 8 10 12 14 16 18 20 22

a (X 108 c.
Figure 10. cluster Equilibriumn Curves Deduced by Including Hydrogen

Bonding Effects in the Thomson/Kelvin Equation.
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BASIC PREMISES

1. WATER VAPOR IN CONTACT WITH LIQUID WATER CONTAINS ELEC-
TRICALLY-NEUTRAL WATER CLUSTERS THAT ARE PRODUCED BY

- -EVAPORATION. TRUE EQUILIBRIUM EXISTS AT SATURATION.

2. THE CLUSTER POPULATIONS EXIST IN PEAKED STATISTICAL SIZE
DISTRIBUTIONS WHERE THE NUMBER OF MONOMERS PER CLUSTER
RANGES FROM TWO TO ABOUT 45 AND THE MEAN SIZE IS STATISTICALLY
SIGNIFICANT. THE DISTRIBUTIONS AND POPULATIONS SHIFT WITH
HUMIDITY AND TEMPERATURE, AND CAUSE CORRESPONDING CHANGES
IN ELECTROMAGNETIC ABSORPTION SPECTRA OF THE VAPOR.

3. THE NEUTRAL CLUSTER POPULATIONS DISSOCIATE TO A SMALL EXTENT
UNDER NATURAL RADIATION BY REACTIONS LIKE:

(H2 0) 1 +cH+(H 2 0) +OH-

TO YIELD IONS THAT CAN BE MEASURED BY MASS SPECTROMETRY OR
ELECTRICAL CONDUCTIVITY. THE YIELD CAN BE INCREASED BY
USING SOFT RADIATION (LIKE 0).

•......

• .,

Figure !1. Basic Premises if Water Clusters Are Assumed to Form by
Evaporation of Liquid Water or Droplets.

47

•-'C



EXAMPLES OF CLUSTER-FORMING MECHANISMS:

N2+ + H20 -10-N 2  + H2O+

H20+ + H20 --suWH3O+ + OH

- OR:

H O±H~ + OH-*

FOLLOWED BY:

H 0 + (c V 1 H0 -40 H+ (HO)

(1ENERGY SUPPLIED

Figure 12. Examples of Ion Mechanisms Leading to Ion-Idued, Neutral
Cluster Formation in Water Vapor.
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EXAMPLES OF CLUSTER-FORMING MECHANISMS

H+(H 20)C-1+H 2 0 BOifD," H +(H0)c

Ht(H 0) +X -*HX(H 0)

Figure 13. Further Example of Ion-Induced, Neutral ClIuster Formation.
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4 -MEAN SIZE, cu, OF H+(H20)c 70m~
45 CLUSTER DISTRIBUTION IN 76 mmH

MOIST ATMOSPHERIC A!R S = 1.0

40-
F. 417 mm Hg

35 289(s=10 00.55
30 234

0 0.38

Q2 5 - 113 00.31

20
0 c~q 001

15 o gr

100
10 ' 9

50
S 0..1

-20 -O 20 40 60 80 100
T (0c)

Figure 20. M~ean Cluster Size, c~l, of Water Ion Clusters H4(H?0)c in Moist

~- Atmospheric Air, Based on Available Data 0oints; Shown.
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ALI

THERMISTOR WIRE -'

AND PROBE WET GAUZE PLUG

0 EYE

HE:NE LASER j----- -- t -" -, - - -T-"
S..... WATER LEVEL

500 ml GLASS FLASK -

STIRRER ROD

HOTPLATE WITH

MAGNETIC STIRRER

* ~Figure 21. Droplet Nucleation Experiment in Which Nuclea~tion R~ate is
Estimated by Light Scattered from He:Ne Laser Beamn in Perfectly Cleaw
Saturated Atmospheric Air, as a Function of Temperature (Ref. 19).
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Figure 22. Schematic Diagram Showing Ho0w a Single "Critical" Water Cluster
4 Size of c =45 Can Account for All Droplet Nucleation in Water Vapor

Over a Wide Range of Temperature and Saturation Ratio(SeTt)
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Figure 24. Infrared (IR) Transmission Spectrum of Water Vapor.
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MICROMETERS
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Figure 25. Infrared (IR) Transmission Spectrum of Water Film l1jia Thick.
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Ka x

00
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Figure 26. Ratio of Liquid Water to Vapor Absorption Coefficients vs. Wave-

length from Infrared to Centimeter-Wavelengths; also Show'n on Ordinate

is Ratio of "Anomalo~us" or Continuum Absorption. Due to Water

Clusters. to Absorption of All Water Monomers, Based on 10-3 Fraction1 .of Cluster in Vapor at 200C and s 0.43 (43% RH); Ratios Are Much
Larger for Very Humid Conditions, Especially if Droplets Are Present

in the Vapor.
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Figure 27. Infrared (IR) Spectra of Individual Neutral Water Clusters,
by Size (Ref. 17); as Cluster Size ;'creases froa c = 3 to 6,
Cluster Spectra Increasingly Resemble the Liquid Water Spectrum
Shown at G.
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"" P714-

52M;-' VM M ~- -

Figure 28. Experimental Set-Up for Simultaneous Measurement of IR Absorp-
* tion and Ion. Content (Electrical Conductivity) of Moist Atmospheric

Air; Long-Path Optical Cell ("White cell") is Sho~in Connected by
Hoses for Air Recirculation to Cabinet Containing Vapor Electrical
Conductivity Cells.
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Figure 29. Close-Up of White cell, Showing Precision Optical Bench an'd
IR Radiometer.
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Figure 30. Nobility of Si•rgy-Charged Water Ions vs, Size, for Atmaospheric

Cor• i t ions.
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q22Mfi M-Z

9`

.. ....

Figure 31. An Er~rly Pair of Vapor Electrical Conductivity Cells, lkoentical
in ̂[late Spacing, Number (40), and Insulator Configuration;
They Differ Only in Plata Area Thus Allow~ing Air Conductivity
to Be Discern(' Regardless of Any Leakage Currents Across t~he
Insulators.
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-OF

Figure 32. Improved Cell Design, Using Only Two Insulators and Lightweight
ME (Aluminum) Plates; Also See Figure 33.
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-~~~ 
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Fiur 33. ~ Imrv~ el ein Cell Difr From Tha in Figr 32 Only
in Plate Area and Thus in Vapor Conductivity Sensitivity; Otherwise
Cell Plate Spacing, Number (40), arid Insulator Configurations Are
Identical.
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Figre 4.Family of Improved Cells Differing Only in Plate Area, in

Cabinet A15o Shown in Experimental Set-Up in Figure 28.
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SA

Figure 35. Oblique View of Family of Cells Shown in Test Cabinet in Figures
28 and 34.
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_Figure 36. State-of-Art Cell Design With Insulators in Heated Chamber.
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Figure 37. State-of-Art Cell Design Showing Detail of Insulators in
Separate, Heated Chamber.
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Figure 39. Data From State-of-Art Cell (Figures 36-38) Showing s1 3 Depend-

ency of Cell (Vapor) Current vs. Saturation Ratio, for Humidification
-*. by Ultrasoric Nebulizer (Solid Points) and Drying Down (Hollow

Points); VWltage Applied to Cell was 400 VDC.
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Figure 41. Data as in Figure 39, Excep-t. for 1000 VOC Voltage Applied to
Cell, Showing S7 and s13 Dependencies of Cell (Vapor) Current on

- Saturation Ratio During Humidification (Solid Points) and "Hyster-
esis" Effects During Drying-Dow (Hollow Points).
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Figure AZ. More Data From Ne;% cell (Figures 36-38), for a Range of -CC
Voltages (Eb) Applied to Cell at Averpge Temperature of 270C: Satur-
ation flatios as Marked on the Curves; Note "Kn~e4 in Top Curve.VT78



ACCUMULATION OF WATER MONOLAYERS
ON SURFACES vs % RELATIVE HUMIDITY

300 0 ELECTRICAL CONDUCTIVITY DATAF TABLE I ON GLASS
L TRIAL #1

100 [ TRIAL #2

V TRIAL #3
<C>TRIAL #4

TABLE II ON PLATINUM
OTRIAL#2 /

/0
wj10-

0
z

o , //

iiIII 0s1

E / (s) 13

•i•i!

0.6 0.8 1.0

(s) = %RH/1 00

Figure 43. Aceugulation of Water Nonolayers on Surfaces, vs, Saturatiorn
Retio. s, (%RHi,0).
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PARTICLE ADHESION
DUE TO CAPILLARY CONDENSATION

vs RELATIVE HUMIDITY

100-

Z-O80-

0

20

1 0 20 40 60 80 100
% RELATIVE HUMIDITY

nz-.-

* ~Figure 44. Hysteresis Effects in Surface Adhesion Force D~ue to Changes in
A-obdWae uface [ayer with Relative Humidity.
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TEMPERATURE
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Figure 45. Evaporation Rates of Wa•.r at 500C From Metal Beaker, With and

Without 15 kVAC Electric Field Applied to Assist Evaporation.

81



3.0 EXPERIMENTAL DATA

EFFECT OF AN ELECTROSTATIC FIELD
ON THE DRYING OF CLOTH MATERIAL

(COTTON TOWELING)

2.0

0

VOLTAGE
0 OFF

LL
0

I- ~VOLTAGE ON,
10 kV at 0.5 mA

1.01

0 5 10 15 20 25 30 35 40 45 50

l IME (MINUTES)

!-V

4,.

Figure 46. Drying Rates of Cotton Toweling With and Without 10 kVDC
Electric Field Applied to Assist Operation.
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HIGH-VOLTAGE
CONNECTING WIR
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ELECTRICAL
0- HEATER WIRES

PARALLEL
STAINLESS

STEEL DISCS,
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Figutre 47. Author's Device to Demonstrate 103-104 nrae nEvp at n
R~ate FromLne n Othe ete Substrte inHihVlaeEct

~j e Fields.
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LINEN WET WITH WATER (ON STAINLESS STEEL ELECTRODES)
S10"-4 103 /

10-5 1o2 0 C WET(]& e

o o DWETe Eo

4k E BOTH 00

10.6 10 L = 10 CM •'°

10-7 10 -

10.8~- 10.1

L ,U
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10-9 10"2 1 A

102 103 104

ELECTRIC FIELD (0CM)

DO (yJ89, 18

S~Figure 48. Data from Author's Device (Figure 47) Usirng Linen Substrates

• on One or Both Disc Electrodes; SubstratLs Wetted with Water.
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LINEN WET WITH LIQUIDS (ON STAINLESS STEEL ELECTRODES)
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